INTRODUCTION
Global climate is controlled by the composition of the atmosphere and by those agencies that transport heat and moisture around the world, the ocean and the atmosphere. Past changes in the relative abundance of trace "greenhouse" gases in the atmosphere have been documented in air bubbles trapped in ice cores and linked to changes in global temperature. The field of paleoceanography, developed in the past 20 years, has similarly provided considerable information about the history of ocean circulation and the role that circulation has played in the establishment of past climatic regimes. The atmosphere is an equal partner with the oceans in questions of climatology; it transports the same amount of heat as the oceans and brings moisture to continents. The most direct proxy indicator of past atmospheric circulation is the mineral grains raised from the continents by dust storms and transported great distances to the ocean basins. mental analysis' obtaining good, repeatable data on very small samples of micrometer-sized grains has been achievable only in the last 10 years or so. In our Pacific Ocean work we have used electronic particle size analyzers to conducted grain size analysis on the total mineral component [Rea et al., 1985a] . The size of the total eolian component, largely clay minerals, is smaller than that of the coeval quartz grains but shows the same downcore pattern of variability [Janecek and Rea, 1983] . Since roughly 95% of the eolian material in pelagic sediment cores is smaller than 6 or 8 Ixm, the size of the entire extracted eo!ian component is more representative of the transport processes than just the small percentage of coarse material. Whichever fraction is studied, the resulting grain size values are related to the energy of the transporting wind. Quantiffcation of the relationship between size of grains and intensity of transporting wind has been attempted by Janecek andrea [1985] on the basis ofwork of Gillette et al. [1974] , and by Tsoar and Pye [1987] . Such a mathematical relationship is yet to be really well resolved, so interpretations remain semiquantitative at If so, the size difference between these grains and the background aerosol may provide an indication of "storminess" and these giant grains might provide a clue to "paleoweather" and the background mineral aerosol clues to paleoclimate, both from the same sample.
The third important lesson of the modern climatology of dust transport is that the amount of material transported to distal locations is not related to the average speed of the transporting zonal tropospheric winds (not to be confused with the strong winds of the individual dust storm). This is a particularly important point because such a presumed correlation has been a fundamental misunderstanding in much of the climate and paleoclimate community. On an annual basis, essentially all dust transport either from the Sahael to Barbados 
Some Sedimentology
Continentally derived sediments arrive in the deep sea by a number of transport pathways. Coarser matehals delivered to the edge of the continental shelf may accumulate to the point of instability and form powerful turbidity currents that move rapidly downslope. Deep-sea fans are constructed at the base of the continental slope in those regions where the supply rate of elastics is the dominant process [Normark et al., 1993] ; where supply is relatively low or deep transport processes are more vigorous, these elastic contributions to the deep sea are smeared out along the lower part of the continental margin in the form of contourite and drift deposits. The relatively flat abyssal plains of the Atlantic basins, the Gulf of Alaska and Bering Sea, and the northern Indian Ocean are the result of turbidite deposition extending far out to sea.
Most of the 1.5-2.0 x 1016 g yr -• of sediment brought to the ocean in rivers is deposited on the continental shelf or is transported offshore and eventually forms one of these sorts of deposits.
Icebergs calved from glaciers reaching the ocean carry poorly sorted sedimentary debris great distances. The most obvious of these materials are dropstones which occur in all high-latitude sediments during glacial times. Finer-grained materials are also ice rafted along with the pebbles, but at present there is little knowledge of the mass fluxes associated with this process. Turbidites, contourites, and most ice-rafted debris are all relatively easy to identify in either seismic reflection profiles or cores raised from the seafloor. Such sediments, once identified, are not used for eolian studies.
The significant sedimentary confusion to the eolian signal comes from hemipelagic sediments and processes. Hemipelagic deposits consist of fine-grained, silt-and clay-sized, muds deposited within hundreds of kilometers of the continental margin. These muds, derived from winnowing of continental shelf and upper slope sediments, move offshore within the water column at 2-or 3-km depth in a plume or cloud of limited vertical extent. Resulting deposits blanket continental slopes and regions of the seafloor adjacent to the continents. The horizontal advection of lithogenous material has been well documented by sediment trap studies. Traps situated 300 to 350 km west of northern California in a region of known hemipelagic deposition [Rea et al., 1985b] show increased accumulation of lithogenic components below about 2000-to 3000-m depth [Heath, 1983; Fischer et al., 1983] . Sediment traps from Manganese Nodule Project (MANOP) area H (for hemipelagic) in the eastern Pacific at 6.5øN, 93.0øW, roughly 900 km offshore, also show some increased accumulation of lithogenic materials at depth [Fischer, 1983] Hemipelagic sediment, on an individual sample basis, is difficult to differentiate from eolian sediment from the same continental source region because both are similar in composition and grain size, an observation first made well over half a century ago by Leuchs (as referenced by Radczewski [1939] ). Since hemipelagic fluxes are, depending on proximity of the source, 2 or so orders of magnitude greater than eolian fluxes, a small portion of the original hemipelagic contribution will mask any eolian signal in the sediment. Our task is to understand how far offshore the influence of hemipelagic processes extends. One method of differentiation, but one that requires reasonably well dated cores, would be to examine the amounts and temporal patterns of mineral flux to the core site. Eolian grains should accumulate more rapidly when the source regions are drier, and hemipelagic grains should accumulate more rapidly during wetter times characterized by greater runoff. Moreover, the hemipelagic fluxes should be much larger than eolian fluxes. A Modicum of Methodology A brief section describing various laboratory procedures is necessary so that the reader may more fully understand what the data really represent. Most laboratories that work with the mineral component of deep-sea sediments use a version of an extraction procedure that was originally devised to separate materials for X ray mineralogical analyses. Those procedures remove calcium carbonate from the sample, usually with acetic acid, remove opal using either a NaOH (stronger) or a Na2CO 3 (milder) leach, remove oxides and hydroxides using a strong reducing agent, sional pitfalls in these procedures, such as the stronger NaOH agent apparently removing some portion of the submicrometer-sized clays present in the samples, but generally these techniques have been widely used for a long time and produce reliable and repeatable results. The accuracy is commonly about _+5%; it is somewhat poorer when working with very small samples. The basic methodology is given by Rea and Janecek [1981a] . Clemens and Prell [1990] and Hovan [1994] offer some slight modifications to the procedures.
The mineral assemblage isolated by the extraction process is the basic information of these studies. If we are convinced, usually by the location of the samples site far from shore and, if important, above the level of any abyssal reworking, that the grains are eolian, then we weigh the extract to determine the concentration (weight percent) of the mineral grains. The samples themselves are then available for geochemical, mineralogical, isotopic, and size analyses.
Grain size analyses are conducted with electronic particle size analyzers that are both fast and accurate, giving repeatable results to better than a 0.1 !xm (hundredths of a 4> unit; see below). Different kinds of size analyzers have different strengths and weaknesses. The smallest particle that can be measured reliably is 1 Ixm on a Coulter counter, but is 2 Ixm or coarser on other analyzers. This difference is important because up to half of all the eolian material in the ocean may be finer than 2 Ixm in diameter. To my knowledge, no one has reported reliable information on the size distributions of submicrometer particles in deep sea sediments. Results of the size analyses are often reported as 4> units. These units are a useful logarithmic size scale such that 4> units are the negative logarithm to the base 2 of the grain diameter in millimeters; 4• = -log2 Dram-Thus the grain size correspondence is approximately as follows' 104> = 1 Ixm, 94> = 2 ixm, 84> --4 Ixm, 74> = 8 ixm, etc. The value most often reported is the median grain size or 4>5o, the particle diameter halfway through the total size distribution by mass (fiftieth percentile), and the accuracy is commonly -+-0.034>. grains (stronger winds) occur with both minimal tilt and maximal precession, both of which are conditions for ice growth and glaciation. For eccentricity, however, phase analysis shows that larger grains are in phase with maximum eccentricity, a condition that characterizes interglacial times [Janecek and Rea, 1984] . This result is both counterintuitive and opposite to the phase relationships between grain size and orbital variability for the shorter periods.
Morley et al. [1987] examined the quartz abundance record in northwest Pacific core V20-120. They found that the dominant period of variation of that record was about 50 kyr, with lesser amounts of variance concentrated at 100 kyr. The significance of the 50-kyr spectral peak, perhaps a harmonic of eccentricity, in this core is not clear; it is possible that the quartz record at this latitude is complicated by ice rafting during glacial times [ record only at 100 and 33 kyr. Phase analysis shows the 100-kyr spectral peak in grain size to be 180 ø from conditions of maximum glaciation, the same result as found by Janecek and Rea [1984, 1985] for core KK75-02. We have not fully explained why coarser eolian grains should be associated with interglacial conditions at the 100-kyr forcing but with glacial conditions at shorter periods. One possibility is latitudinal shifts of the zone of maximum wind intensity to the south during glaciations [Hovan et 
Overview of the Quaternary Eolian Record
The mass accumulation rate of eolian dust to the seafloor provides a record of the climate of the eolian source region. Spectral analysis of the variability of that signal always indicates important amounts of power concentrated at the orbitally related period of the 100-kyr eccentricity cycle, usually has 41-kyr obliquity power, and commonly contains precessional power at the 19-and 23-kyr periods (Table 1) There is a particular and unresolved problem with regard to the paleoclimatic and paleoceanographic transition that occurred at the P-E boundary. Covey and Barron [1988] observed that if there is a certain amount of heat to be transported from equator to pole to maintain the global energy balance, then if the atmosphere slows and transports less heat, the ocean must compensate and transport relatively more heat. A further observation is that during the warm early Eocene the polar to equator temperature gradients were much less steep than they are now [Barron, 1987] , implying relatively more warming in higher latitudes. This observation entails two consequences. First, since elevated partial pressure of CO2 warms all parts of the planet equally, there must be more than mere CO2 warming going on [Sloan et The lack of response of southern hemisphere atmospheric circulation to a large change in northern hemisphere climate is a good example of hemispherical asymmetry, the concept of independent circulatory behavior of each hemisphere [Flohn, 1981] . Such asymmetry would be strongest when the Earth is characterized by one cold pole and one warm pole. As a result of the circulation energy being much stronger in the colder hemisphere, the position of the Intertropical Convergence Zone is offset well into the warmer hemisphere. The Cenozoic temperature asymmetry began with the buildup of ice on Antarctica about 35 Ma and remained high until the cooling of the northern hemisphere beginning in the late Miocene and culminating in significant northern hemisphere g!aciation 2.6 Ma. Today the pole to equator temperature gradient is equal at both hemispheres in northern hemisphere winter but 27 ø more to the south than the north during southern hemisphere winter [Flohn, 1981] . In response, the latitudinal position of the ITCZ migrates to 12øN in the northern hemisphere summer. The record of 32 million years of hemispherical asymmetry should be observable in paleoclimatic records. Our data are consistent with the ITCZ's having been as far north as 22øN in the central Pacific 25 m.y. ago and show that it migrated south to its present location in the eastern equatorial Pacific about 4 Ma [Hovan, 1994] .
The single largest change in atmospheric circulation in the Cenozoic was a severalfold reduction in wind intensity that occurred at the Paleocene-Eocene boundary. This event is part of a series of environmental changes that occurred then and may be a direct response to an increase in the ability of the ocean to effect latitudinal heat transport.
SUGGESTIONS FOR FUTURE STUDIES
As with any proxy indicator of past environmental conditions, our knowledge of eolian paleoclimatology could be improved in important ways by learning more about modern transport processes, how the mineral aerosol records those processes, and the geologic history of those processes. The finding that the global dust flux patterns indicate much lower amounts of transport to and deposition in the oceans than had been estimated suggests that there is more to learn about dust generation, transport, and rainout and dryfall processes and how the different flux estimates are made.
A quantification of zonal wind speeds based on the size distribution of the eolian grains would be a significant contribution to these kinds of studies. Perhaps an empirical approach to these questions involving grain size analysis of aerosols collected in the middle and upper troposphere would be useful. There should be a distinct kind of information present in the nature of the giant grains, possibly information regarding the energetics of individual large dust storms. Computer models of greenhouse warming suggest that warmer climates may be characterized by stronger storms; understanding giant grains may allow pursuit of this sort of topic in the paleorecord.
There are some obvious prerequisites to a fuller understanding of the pa!eoclimatic record provided by the eolian dust preserved in sediments and ice cores. We have not yet been able to characterize, with satisfactory orbital time scale resolution, the Quaternary history of the major zonal wind belts. Present grain size data monitor the northern hemisphere westerlies, the southern hemisphere trade winds, and the Indian Ocean monsoons. Good data on all wind systems from each ocean are needed to provide a complete picture of this important aspect of earth system history. The more or less direct forcing of climate by the primary periods of the orbital cycles is becoming relatively well understood, but why important amounts of variance occur at the combination periodicities of about 30 to 35 kyr is not well understood. These periodicities are an important aspect of the geologic history of wind and need further elucidation.
Provenance studies are important, not so much for understanding the modern transport systems, but to allow better interpretation of the paleoclimatic record. As core sites drift with the plates across zonal wind boundaries, that resulting change in continental source regions will be caught in the mineralogical or geochemical records of provenance. Provenance information is particularly important to the full understanding of ice core particulate records. Further studies of ice core particulates should include MAR values for the mineral aerosol, separate from the volcanic particles, and grain size data. Determining the eolian record in pelagic cores near ice caps would help in the interpretation of the ice core dust data. Sedimentological realities suggest that this goal may be achievable in the southern ocean but difficult in the North Atlantic.
Studies on longer, tectonic time scales need to be continued, particularly in the southern hemisphere where further documentation of the changes at the P-E boundary is needed. Indications of a pronounced hemispherical asymmetry through much of the Cenozoic entail implications for ocean circulation and continental climatic zonations that may be testable. Finally, these very different climatic scenarios suggested by the eolian paleoclimatic research form a natural point of interaction with the community of scientists who use general circulation models to understand past climates and coming climate changes. This potential interaction between those who generate proxy data of past climatic conditions and those who attempt to quantify those conditions in computer models is critically important to the goal of achieving a full understanding of the causes and consequences of climate change. 
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